The criterion for the interlaminar strength of unidirectional carbon-fiberreinforced plastic (CFRP) laminates is discussed. To evaluate the limit curve given by the relation between normal stress and shear stress on the fracture interface, two types of interlaminar strength tests were carried out using short beams of CFRP laminates. The criterion for the interlaminar fracture of the CFRP laminates was investigated in two-dimensional finite element analysis of the CFRP specimens. Interlayers made by carbon nanofiber were inserted between the prepregs of the CFRP laminates. A modified 'Tsai-Wu' criterion was employed to evaluate the critical curve of the interlaminar fracture of the CFRP laminates. The effect of the CNF interlayer on the criterion of the interlaminar strength of CFRP laminate is discussed in detail.
Introduction
In the past several decades, fiber-reinforced plastics have been developed as highly useful materials for use in fields such as mechanical, electrical, architectural, and structural engineering. In particular, carbon-fiber-reinforced plastic (CFRP) has been widely used as a structural material for use in aeronautical and space engineering. Application in this industry requires further weight reductions to satisfy the demand for higher fuel efficiency. In the Boeing 787 project, a considerably improved weight ratio due to the adoption of CFRP for the main wing and fuselage was reported [1] .
To extend the engineering application fields of CFRP laminates, it is necessary to improve the strength and fracture toughness of CFRP laminates. Various methods of improving the interlaminar fracture toughness and interlaminar strength have been proposed. Previous attempts to improve the interlaminar fracture toughness of CFRP laminates have provided various useful results. Specifically, a certain level of toughening has already been achieved by inserting an interleaf (interlayer) between the CFRP prepregs [2] - [5] . T800H/3900-2, with a heterogeneous interlayer consisting of fine thermoplastic particles, has shown high compressive strength after impact. Ionomer-interleaved CFRP laminates have shown higher toughness under mode II deformations [6] .
Since the discovery of the carbon nanotubes (CNFs) in the 1970s [7, 8] and the publication in Nature for the clarification of the structure of carbon nanofibers (CNFs) [9] , CNTs and CNFs have received a great deal of attention in the aeronautical, biological, electrical, mechanical, and engineering fields. Owing to the superior electrical conductivity of CNF, multi-walled CNTs and vapor-grown carbon fiber (VGCF) have been widely used in storage batteries and as conductive filler.
In addition, CNTs and CNFs have been applied as a toughening filler for resin-or metal-based composites [10, 11, 12] . They are suitable for such application as they also have excellent mechanical properties such as elastic modulus, strength, and fracture toughness compared with traditional carbon fiber based on polyacrylonitrile.
The authors' group has already presented an alternative method to increase the interlaminar fracture toughness of CFRP laminates using CNFs, in which the toughening interlayer, composed of CNF, is inserted between CFRP prepreg sheets [13, 14] . VGCF has been employed as the stiffener of the interlayers for a unidirectional CFRP laminated beam, where mode I and II interlaminar fracture toughness values of the composite were evaluated in double cantilever beam and end-notched flexure tests using unidirectional CFRP beam specimens.
In the present study, the interlaminar strength of unidirectional CFRP laminates toughened with a VGCF interlayer is discussed. The criterion for interlaminar strength was investigated in interlaminar strength tests carried out for CFRP laminated beams. Generally, interlaminar shear strength (ILSS) tests of the CFRP were measured in a three-point bending test with a short-type beam, where the ILSS values were evaluated by an approximated equation from only the shear stress on the interface. However, in nature, the criterion of the interlaminar fracture should be discussed on the basis of the multi-axial stress condition of a specimen.
To obtain the limit curve that is given by the relation between the normal stress and shear stress on the fracture interface, two types of interlaminar strength test were carried out in the present study. One is a 'compressiontype test' employing simple three-point bending, where the compressive load in the vertical direction is applied to the top surface of the beam specimen.
The other is a 'tensile-type test', in which shear tensile loading is applied to specimens with a hole using a shear pin and a vertical load is applied to the shear pin to impart tensile normal stress on the interlaminar layer.
The criterion for the interlaminar fracture of the CFRP laminates was investigated in two-dimensional finite element analysis of the CFRP specimens. Two types of CFRP laminates were used in the present study. One is a general unidirectional CFRP laminate comprising prepregs made with an autoclave. The other is a nano-modified CFRP laminate in which the interfaces of the prepregs are toughened with CNF. The criterion for the interlaminar fracture of the CFRP laminates was discussed in terms of the modified 'Tsai-Wu' criterion [15] . The effect of the CNF interlayer on the criterion of interlaminar strength of the CFRP laminate was investigated in detail.
Interlaminar strength tests of CFRP laminates

Test procedure
To evaluate the criterion for interlaminar damage of CFRP laminates, two types of interlaminar strength tests were carried out. The first type, shown in Fig. 1 , is a general three-point bending test like the standard ILSS test [16] using short-beam specimens. In this test, compression stress in the direction transverse to the beam is applied to the center part of the specimen.
This method is referred to as the 'compression-type test' hereafter.
The second type, shown in Fig. 2 , is a three-point bending test using a shear pin. In this test, a hole through the laminate (diameter of 4.0 mm) was open to the side of the specimen. The shearing pin was inserted in the hole and transverse loading was applied to the shearing pin. In this method, the stress in the direction transverse to the beam is positive. Hereafter, the method is referred to as the 'tensile-type test'.
In the compression-type test, the support length was changed between 14 and 19 mm to control the ratio of normal stress and shear stress. Similarly, the support length was changed between 19 and 38 mm in the tensile-type test. A universal material testing machine AG-100kNE (Shimadzu Co.) was used for the experimental tests. The cross-head rate was set to 0.1 mm/min.
The maximum load, at which point interlaminar damage occurred in the CFRP laminate, was measured. Finite element analyses for the CFRP laminated beam were carried out to obtain the internal stress components at the position at which initial damage occurred.
CFRP specimens
CFRP laminates were made using an autoclave AA-1710-048-M (APC Aerospecialty Inc.) in our laboratory. The specimens were composed of carbon/epoxy prepreg (TORAY P3052S-22, fiber:T700S, matrix:#2500) and a CNF interlayer. In the present study, VGCF (Showa Denko K. K.) as shown in Fig. 3 was used as the stiffener for the interlayer. The diameter of the VGCF is about 150nm, the mean length is 10μm, bulk density is 2.0g/cm 3 .
Powder of CNF was inserted between prepregs of the CFRP specimens with an area density of 10g/m 2 using a sifter [14] . An interlayer of 50μm mean thickness was naturally formed by the fusion of CNF and epoxy resin leaking into the interlayer during the production of the specimens as shown in Fig. 4 . The volume fraction of CNF in the interlayer is about 10%. The specifications and dimensions of the CFRP specimens for compression-type and tensile-type tests are presented in Table 1 .
Experimental results
The relations between applied load and displacement obtained in the compression-type tests are shown in Fig respectively. In the compression-type tests, the relations show some nonlinearity in the neighborhood of the maximum value. In the present study, the location of initial damage was observed on the side of the specimen using optical microscope.
Although it is essentially difficult to identify the exact location of the initial damage, the initial damages generally occur near the loading point, and the initial damage progresses to the longitudinal direction of the specimen away from the loading point. Therefore, we identified the nearest point from the loading point in the crack as the location where the initial damage occurs.
From Figs. 9, 10, 11 and 12, It is found that the location of initial damage differs even if the experimental condition is the same. That is, to evaluate the damage criterion, it is necessary to consider the location of damage and multi-axial stress state in each specimen.
Finite element analysis
In the present study, the interlaminar strength tests of the CFRP laminates were simulated by finite element analysis. FEM analyses were executed using a two-dimensional section model of the CFRP laminated beam as shown in Fig. 13 (for the compression-type tests) and The CFRP beam was analyzed by plane stress conditions because the width of the specimen is too small. Since the CFRP specimen is not restrained in the direction of width, the normal stress to the direction of width obviously becomes small. In addition, we found that the primary crack is generated on the side surface of the specimen, and seems to progress inside the specimen afterwards. Therefore we thought that the component of stress in the direction of width was not too important in the present study, and we judged that it was preferable to analyze the CFRP specimen by a plane stress condition by occasion of above.
In the tensile-type specimen, the load was applied on the top point of the shearing pin. The shearing pin contacts to the specimen at the bottom surface of the pin. Therefore, the vertical load is applied to the lower surface of the hole in the the specimen. The contact condition between the shearing pin and hole surface was treated as elastic tangency of friction coefficient 0.
In the present FEM analyses, analytical models were assumed to be a homogeneous orthotropic bodies. The elastic moduli of the CFRP base laminates and CFRP laminates toughened with a CNF interlayer are presented in 
However, in the specimens with interlayer, it is difficult to determine the parameter E T , G LT by the standard tests. Hence, these parameter were estimate by homogenization theory using FEM analyses. In FEM analyses, the Young's moduli of the interlayer were specified to 5.77GPa, which was estimated by Vickers Hardness (VH) using a Micro Vickers testing machine (DUH-201, Shimadzu Co.).
In the present FEM analyses, the layered structure of CFRP was not considered, and the structure was treated as a homogeneous, anisotropic body as previously mentioned. In the analyses with the homogeneous body, some stress and strain components become different to those obtained by layered structure. However, by the FEM analyses using homogenization theory, it was confirmed that the stress σ T (to the direction of the thickness) and τ LT (shear stress for the out of plane) are almost corresonding between layered and homogenized structure. 
Evaluation of the damage criterion
Modified Tsai-Wu damage criterion
The state of a multi-axial stress greatly influences the generation of damage in the solid body. In the present study, the following Tsai-Wu criterion for the anisotropic materials is introduced to evaluate the damage criterion of the CFRP laminated beam.
where, σ T is the stress component transverse to the fiber direction, τ LT is the shear stress for the side cross section of the beam, F T t and F T c are tensile and compression strengths (i.e., maximum stress at the failure point) in the plate transverse to the fiber direction, and F LT is shear strength for for the side cross section.
Generally, the tensile strength F T c is remarkably large compared with other strength. Thus, in the present strategy, we disregard F T c in the TsaiWu criterion. Taking the limit F T c → ∞, Tsai-Wu criterion can be simplified as follows.
Consequentially, the modified Tsai-Wu criterion can be expressed by the following quadratic function between normal stress σ T and shear stress τ LT .
The quadratic approximation curve based on eq. (4) That is, interlaminar strength can be improved by about 20% in the area of σ T < 0 by means of inserting the CNT interlayer between the prepreg layers.
Observation of the fracture surface
The cross section and fracture surface of the CFRP specimens were observed using a scanning electronic microscope (SEM, Hitachi S-4100). First, the cross section was observed by cutting the specimen in a direction orthogonal to the fibers. Figures 21 and 22 show the SEM images of the cross section in which initial crack (delamination) was generated.
As shown in Fig. 21 , in the CFRP base laminate, the stacked unidirectional prepregs integrate mutually, and a resin-rich layer between prepreg layers cannot be confirmed. Therefore, in the present case of CFRP base laminates, the initial crack does not necessarily occur between prepreg layers. However, delamination progressed in a comparatively straight line in the direction of the width of the beam. Although it is difficult to find the location of occurrence of the initial crack strictly as a practical matter, the primary crack is generated perhaps on the surface of the specimen, and seems to progress inside the specimen afterwards.
On the other hand, in the CFRP toughened with a CNF interlayer, the form of the crack propagation in the orthogonal cross section is more complex.
Judging from the experiment results, the locations of initial damage were various like in the CNF interlayer, between CNF intgerlayer/CFRP prepreg and inside of the CFRP prepreg, etc. However, it seemed to be often that the damage occurred in the CFRP prepreg layer as shown in Fig. 22 . It is understood that the crack progressed by the following a complex winding route in the prepreg layer, avoiding the 'high toughness' CNF interlayer.
Although it cannot be declared that the above explanation is a clear cause of the difference in the strength property between base laminate and CNF-toughened laminate, it seems that the difference of the fracture pattern in the cross section is one of the factors for the increase in the limit of the damage shown in Fig. 20 . Figures 23 and 24 show the fracture surfaces on the delamination of the two laminates observed with an SEM. No clear difference was found between the laminates in terms of the fracture surface. As discussed previously, interlaminar cracks in both kinds of specimens basically progressed in the prepreg layer. Although no difference can be found in this respect, there is one point that should be noted. In the CFRP toughened with the CNF interlayer, the CNF is inserted between prepreg layers in the forming process, and epoxy resin in the prepregs leaks into the interlayer during the baking process in the autoclave. Specifically, the fiber volume fraction of the prepreg layer should increase because of resin leakage into the interlayer. Consequentially, it is considered that not only the toughening effect of the CNF interlayer but also the increase in the volume fraction of the prepreg resulted in the difference in the strength property between the two laminates.
Conclusion
The criterion for the interlaminar strength of unidirectional CFRP laminates toughened with a CNF interlayer was discussed. Two types of unidirectional CFRP laminates were employed. One was a general unidirectional CFRP laminate made from carbon/epoxy prepregs using an autoclave. The other was a nano-modified CFRP laminate, in which the interfaces of the prepregs were toughened with a CNF interlayer.
To obtain the limit curve of the damage criterion for interlaminar fracture, two types of interlaminar strength tests were carried out. The first was a compression-type interlaminar strength test involving simple three-point bending with a short-type beam. The other was a tensile-type test applying shear tensile loading to specimens with a hole using a shear pin.
After finite element analyses, the criterion for interlaminar fracture of the CFRP laminates was investigated in detail using a modified 'Tsai-Wu' criterion. Taking the limit of compression strength, the Tsai-Wu criterion was simplified to a quadratic function between the normal stress and shear stress.
By inserting a CNF interlayer, the critical curve of the damage criterion increased about 20% in the area where the compression stress acts in the transverse direction of the beam. It is thought that the difference in the crack propagation form in the transverse cross section affected the property of interlaminar strength of the laminates. 
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